INTRODUCTION {#s1}
============

The average age of the population of advanced nations have risen by 30 years or more over the last century \[[@r1]\]. Major causes of this include a decline in the birthrate and improved health. By the year 2050, it is forecast that 32% of the world's population will be older than 60 years and that 9.5% of Japan's population will be more than 80 years old \[[@r1]\]. Consequently, the demand for healthcare, medical treatment, welfare, and care, as well as expenses for pensions and social security, will increase significantly. Enabling the elderly to live independent, healthy lives is a very important concern. In the case of an aging population, the risk of diseases such as hypertension, cerebral infarction, and dementia increases due to the age-related impairment of physical conditions and of immune activity. Dementia is an especially large challenge for aging populations.

Dementia (neurocognitive disorders, NCDs) is classified into several types and can be associated with Alzheimer's disease, cerebrovascular accident after apoplexy, dementia with Lewy bodies, and Parkinson's disease. Alzheimer's dementia is a progressive illness with features such as diminishing memory and judgment capability, emotional instability, and a loss of physical ability \[[@r2]\].

Recently, as research on the risk factors of dementia has progressed, it has become clear that a shortage of the neurotransmitter acetylcholine (ACh) is one of the causes of the decline in thinking power and a cognitive obstacle within the brain to memory and learning \[[@r3]\].

One method for preventing dementia is maintaining the concentration of ACh in the central nervous system. Treatment approaches have included supplementation with acetylcholine precursors, muscarinic agonists, nicotinic agonists, and AChE inhibitors \[[@r4],[@r5],[@r6],[@r7]\].

A nicotinic acetylcholine receptor exists in the axial fiber of the acetylcholine nerve; this component of the cerebral cortex emits acetylcholine \[[@r8], [@r9]\].

In previous work, we reported that prophylactic administration of *Polygonum tinctorium* (intraperitoneally at 40 mg/kg or orally at 10--40 mg/kg) protected mice from nicotine-induced mortality \[[@r10]\]. In separate work, Ayaz et al. reported that organic solvent extracts of a related plant (*Polygonum hydropiper*) displayed AChE inhibitory activities \[[@r11]\].

Based on these results, we decided to investigate the acetylcholinesterase (AChE) inhibitory activity of extracts of *P. hydropiper*. *P. hydropiper* is an edible plant that is widely distributed in Asia and Japan. We focused on a specific *P. hydropiper* variant, referred to as *tade*, which is used as a spice in certain types of Japanese food. Since *P. hydropiper* had multiple uses, we suspected that the *P. hydropiper* extract studied by Ayaz et al. \[[@r11]\] had an active ingredient distinct from that in *tade*.

In order to prolong healthy life expectancy, basic research for promoting clinical application is required. For that purpose, it is important to establish alternative methods that can supplement or replace standard medical treatments. Notably, in recent years various substances have been proposed as functional foods for prevention of dementia \[[@r12],[@r13],[@r14],[@r15]\]. We hypothesized that *P. hydropiper* (*tade* or extracts thereof) might serve as foods for prevention of lifestyle-related diseases resulting in NCDs. Specifically, we tested whether *P. hydropiper* might serve as a functional food for the prevention of dementia. Additionally, given the potential difficulty in using a sample extracted with an organic solvent as a dietary food, we focused on the activities associated with a water-soluble fraction.

To evaluate the possibility of *P. hydropiper* (*tade*) as a dietary food for prevention of dementia, we evaluated the inhibition of AChE and immunostimulation by a *tade* crude extract. Notably, it has been reported that acetylcholine may suppress inflammatory responses within the nervous system \[[@r16]\]. Therefore we investigated whether *P. hydropiper* extracts that have AChE inhibitory activities also influence immune response, thereby suppressing inflammation.

Phagocytosis serves as the first step in the human defense system against various infections. Phagosomes fuse with lysosomes to permit degradation of ingested particles in human phagocytic cells. The intracellular killing process of neutrophils produces reactive oxygen species (ROS), including superoxide anions. Excess superoxide anion injures tissues in the living body and weakens the body's resistance; thus, it is important to study whether the proper quantity of superoxide anion is being produced. Since antioxidants are potentially important for the prevention of dementia, the superoxide anion values of *tade* were also measured.

Therefore, to evaluate the potential of crude extracts from *P. hydropiper* L. as functional foods, we investigated the AChE inhibitory and anti-inflammatory activities of *tade* crude extracts in human cells.

MATERIALS AND METHODS {#s2}
=====================

Isolation and purification of the material
------------------------------------------

*P. hydropiper* (also referred to as Japanese water pepper; Japanese common name: *tade*) is eaten as a spice in Japan as part of Japanese-style food. The material used here consisted of both green leaves (referred to as *Ayutade* in Japanese) and young red sprouts (referred to as *Benitade* in Japanese). *Ayutade* was grown in Osaka, and *Benitade* was grown in Hiroshima; both types of *tade* were grown as foods and were obtained from the Kyoto Nishiki market in Japan.

The *P. hydropiper* material was homogenized in a cooking juicer with 10 volumes of distilled water. The extracts were heated at 80°C for 10 min and subjected to centrifugation (4°C, 5,000×g for 30 min) to pellet out particulate matter. The supernatant fluids were lyophilized and powdered. The freeze-dried *tade* powder corresponded to 1.4% by weight of the *P. hydropiper* material used for homogenization. This powder was dissolved with distilled water on the day of the experiment. Separate extracts were generated from the *Ayutade* and *Benitade*.

Estimation of acetylcholinesterase inhibitory activities
--------------------------------------------------------

The inhibition of AChE by the *tade* crude extracts was evaluated spectrophotometrically with a Hitachi U-2000 spectrophotometer (Hitachi, Ltd., Tokyo, Japan). Specifically, AChE inhibition was assessed by using acetylthiocholine iodide as a substrate, per the Ellman assay \[[@r17]\]. Crude extracts of *tade* were tested at a range of concentrations (100--600 µg/ml and 100--500 µg/ml for the *Ayutade* and *Benitade* extracts, respectively). The reaction of *tade* crude extract and 10 mM (4 mg/ml) 5,5-dithio-bis-nitrobenzoic acid (DTNB) was confirmed by the formation of thionitrobenzoate (TNB) at 37°C using 0.1 M phosphate buffer (pH 8) containing AChE.

After incubating the suspension without the substrate for 30 sec in a cell, the substrate was added; the reaction was allowed to initiate for 30 sec, and the absorbance value at 412 nm was subsequently recorded for 2.5 min. The absorbance values at 412 nm (the formation of TNB) were measured with a spectrophotometer. The absorbance value of TNB was calculated using the equation E~412\ nm~ = 1.55×10^4^ M^−1^cm^−1^. For this calculation, an extinction coefficient of 13600 M^−1^cm^−1^ was used. The Km value of the AChE inhibitor was 0.1703 mM.

A reaction mixture consisting of the same ingredients without either *tade* crude extract was used as a control. Percentages of enzyme inhibition were calculated using the equation AChE inhibition = 100(control) -- %enzyme activity.

Since galanthamine is indicated for the treatment of mild to moderate vascular dementia and Alzheimer's \[[@r18],[@r19],[@r20],[@r21]\], this compound was used as a positive control for AChE inhibition.

Preparation of neutrophils or monocytes
---------------------------------------

Human neutrophils and monocytes from heparin-treated venous blood of healthy donors were isolated with Mono-Poly Resolving Medium (DS Pharma Biomedical Co., Ltd., Osaka, Japan) by centrifugation at 400×g for 30 min. Neutrophils and monocytes were washed three times with RPMI 1640 medium containing 100 U/ml of penicillin G and 100 µg/ml of streptomycin and then resuspended at a concentration of 5×10^6^ cells/ml in RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum. The neutrophils (1×10^6^ cells) were incubated on a cover slip for 90 min at 37°C and then washed three times with RPMI 1640 medium to remove the adherent cells, as previously described \[[@r22],[@r23],[@r24],[@r25],[@r26]\]. Human monocytes were isolated using the same method as for the neutrophils.

Estimation of phagocytosis
--------------------------

The influences of *tade* crude extracts on phagocytosis and phagosome-lysosome fusion by human leukocytes were evaluated using inactive *Staphylococcus aureus* cells coated with *tade in vitro*, as previously described \[[@r22],[@r23],[@r24],[@r25],[@r26]\].

*S. aureus* 209P was grown in a nutrient agar at 37°C for 24 hr and then killed by autoclaving. The isolated *tade* crude extracts (20--100 µg/ml) were mixed with the heat-killed cell suspension of *S. aureus* 209P (1×10^8^ cells/ml) and then suspended in 0.1% gelatin-Hanks buffer by mixing vigorously. Phagocytosis was initiated by the addition of 200 µl of *tade*-coated killed *S. aureus* suspension to the neutrophil (monocyte) culture (5×10^6^ cells/ml) on cover slips. After incubation for 60 min (neutrophils) or 3 h (monocytes) at 37°C, the cover slips were washed three times with RPMI 1640 medium, and neutrophils and monocytes were fixed with methanol, followed by staining with methylene blue. The *tade*-coated *S. aureus* that had been phagocytosed by neutrophils or monocytes were observed under a microscope. A total of one hundred and twenty leukocyte cells were examined at random, and the number of phagocytosed bacteria per leukocyte cell was counted.

Estimation of the phagosome-lysosome fusion rate
------------------------------------------------

Phagosome-lysosome fusion by neutrophils was assayed using the same method as described for the study of phagocytosis after the neutrophils were prelabeled with acridine orange (5 µg/ml) on cover slips for 15 min at 37°C \[[@r22],[@r23],[@r24],[@r25],[@r26]\]. Phagosome-lysosome fusion was initiated by the addition of killed *S. aureus* cells coated with *tade* crude extract (1:10 ratio of neutrophils to bacteria) in a total volume of 200 µl of RPMI 1640 medium supplemented with 10% fetal bovine serum. After incubation for 60 min, the cover slips were washed three times with RPMI 1640 medium and allowed to air-dry. Phagosome-lysosome fusion was determined by observing acridine orange-stained bacteria under a fluorescence microscope at an emission wavelength of 520 nm. A total of 100 neutrophil cells were examined at random, and the number of bacteria per neutrophil was calculated. The fusion index was defined as the percentage of positive fusion multiplied by the mean number of fused phagosomes per neutrophil.

Determination of superoxide anion production by neutrophils
-----------------------------------------------------------

Generation of superoxide anion (O~2~^--^) by neutrophils was measured on the basis of superoxide-induced cytochrome c reduction as described previously \[[@r22],[@r23],[@r24],[@r25],[@r26]\]. The standard reaction mixture contained 80 μM cytochrome c, neutrophils at 1×10^6^ per ml, and *tade*-coated *S. aureus* at 5×10^7^ cells per ml in a total volume of 1.0 ml of HEPES- saline buffer (pH 7.2). After incubation for 60 min at 37°C, the suspension was centrifuged at 5,000×g for 1 min. The absorbance at 550 nm of each supernatant solution was measured using a microplate reader. The value of the cytochrome c reduction was calculated from the equation E~550\ nm~ = 2.1×10^4^ M^−1^cm^−1^, where E~550\ nm~ was the molar extinction coefficient at 550 nm. Phorbol 12-myristate 13-acetate solution (PMA) was used as the positive control; PMA plus superoxide dismutase (SOD) was used as the negative control. These negative control reactions used 200 pg PMA and 40 pg SOD in a total volume of 1.0 ml of HEPES-saline buffer.

Statistical analysis
--------------------

Each experiment was performed in triplicate, and values were expressed as the mean ± SD. One-way ANOVA followed by a two-tailed multiple comparison t-test was used for comparison of the uncoated control with the test groups. P values less than 0.05 were considered statistically significant. The Tukey-Kramer test was used when comparing among pairs of groups. The present study was approved by the ethics committee of Kyoto Women's University and carried out in accordance with the code of ethics of the World Medical Association (Declaration of Helsinki).

RESULTS AND DISCUSSION {#s3}
======================

The inhibition of AChE by *tade* crude extracts was assessed using the Ellman method ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Effects of *Ayutade* and *Benitade* crude extracts on acetylcholinesterase activity.The inhibition of acetylcholinesterase by *Polygonum hydropiper* crude extracts was studied quantitatively using the Ellman method with acetylthiocholine iodide as the substrate.). Inhibition of AChE activity by the *Ayutade* crude extract fit the equation y = --0.0443x + 0.0833, and that by the *Benitade* crude extracts fit the equations y = --0.0403x + 0.097, showing that *tade* components inhibited AChE activity.

The degree of AChE inhibitory activity (%) caused by *tade* crude extracts was calculated using the respective formulae derived in [Fig. 1](#fig_001){ref-type="fig"}. The results of AChE inhibition by *tade* crude extracts at 100--600 µg/ml are shown in [Table 1](#tbl_001){ref-type="table"}Table 1.AChE inhibition by *tade* crude extractsSampleConcentration\
(μg/ml)AChE inhibition\
(%)Ayutade1006.3 ± 2.420010.7 ± 6.730016.0 ± 0.740021.3 ± 7.350026.6 ± 4.960031.9 ± 0.7Benitade1004.1 ± 3.72008.4 ± 2.130012.5 ± 0.640016.6 ± 1.050020.8 ± 2.6Galanthamine (standard)5050.0 ± 2.330084.0 ± 0.4The effects of *tade* crude extracts on AChE inhibition were calculated using the corresponding formulae derived in [Fig. 1](#fig_001){ref-type="fig"}. Galanthamine was used as a positive control for AChE inhibition. Values represent the mean ± SD (n=3)..

AChE inhibition by *tade* was nominally dose dependent. The effects of AChE inhibition were about 15 to 19% of the standard reagent galanthamine at the concentration of 300 µg/ml ([Table 1](#tbl_001){ref-type="table"}).

*Ayutade* crude extract at the highest tested concentration (600 µg/ml) yielded 31.9% inhibition of AChE, whereas the AChE inhibitory activity of *Benitade* crude extract was lower than that of the *Ayutade* at the respective concentrations. Thus, *Ayutade* appeared to be more potent than *Benitade*. Considered together, the results indicated that *tade* crude extracts exhibited AChE inhibitory activity.

Our results suggested a weaker inhibitory activity than that of Ayaz et al., who reported an AChE inhibition IC~50~ of 35 µg/ml with the hexane fraction of *P. hydropiper* \[[@r11]\]. Notably, and in contrast to the Ayaz et al. extract, our *tade* crude extracts represented hot water-soluble ingredients. Nonetheless, our results indicated that the *tade* water-soluble fraction does possess AChE inhibitory activity.

Next, to evaluate the potential utility of *P. hydropiper* (*tade*) as an anti-dementia functional food, a long-term administration trial of dietary intake will be necessary. Therefore we examined whether *tade* crude extracts influenced the immune response of human leukocytes, a cell type that serves as the first step in the human defense system in the case of dietary intake. As an index of immunoactivity, we evaluated the *in vitro* effects of *P. hydropiper* extracts on phagocytosis, phagosome-lysosome fusion, and superoxide anion production by human neutrophils and monocytes.

Phagocytic activity was assessed in the presence of *tade* crude extracts at concentrations ranging from 10--100 µg/ml ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Effects of *tade* crude extracts on phagocytosis by human neutrophils.Values represent the mean ± SD. \*\*\*p\<0.001, significantly different from control.). Coating of *S. aureus* with *Ayutade* or *Benitade* crude extract yielded significant (3.7- and 3.3-fold, respectively) increases in phagocytosis by neutrophils compared with phagocytosis of uncoated *S. aureus*. Similarly, coating of *S. aureus* with *Ayutade* or *Benitade* crude extract yielded significant (2.0- and 1.3-fold, respectively) increases in phagocytosis by monocytes ([Fig. 3](#fig_003){ref-type="fig"}Fig. 3.Effects of *tade* crude extracts on phagocytosis by human monocytes.Values represent the mean ± SD. \*\*p\<0.01, significantly different from control; \*\*\*p\<0.001, significantly different from control.). Thus, both of the *tade* crude extracts stimulated phagocytosis by human neutrophils and monocytes. As seen for AChE inhibition, the *Ayutade* crude extract appeared to be more potent than the *Benitade* extract.

These results are consistent with the activity reported for another plant of the *Polygonum* genus. Specifically, Chueh et al. reported that a crude extract of *P. cuspidatum* (*Itadori*) promotes *in vivo* immune responses in leukemic mice by enhancing the phagocytotic activities of macrophages and natural killer cells \[[@r27], [@r28]\].

Therefore, the effect of *Ayutade* crude extract on the phagosome-lysosome fusion rate in neutrophils was studied further. The fusion index (FI) was defined as the percentage of positive fusions multiplied by the mean number of fused phagosomes per neutrophil. The FI following coating with the *Ayutade* crude extract was approximately 12-fold higher than that seen with the uncoated control ([Fig. 4](#fig_004){ref-type="fig"}Fig. 4.Effect of *Ayutade* crude extracts on phagosome-lysosome fusion by neutrophils. Fusion index was defined as the percentage of positive fusion multiplied by the mean number of fused phagosomes per cell. Values represent the mean ± SD.\*p\<0.05, significantly different from control; \*\*p\<0.01, significantly different from control.), demonstrating stimulation of both phagocytosis and phagosome-lysosome fusion with the *Ayutade* crude extract.

The ratios of the FI to the phagocytic index (PI) for human neutrophils are presented in [Table 2](#tbl_002){ref-type="table"}Table 2.Fusion/phagocytic index ratio in human neutrophils exposed to *Ayutade* crude extractsConcentrationFIPIFI/PI(μg/ml)021.1153.30.1382063.7290.90.21940131.7563.00.23460172.8738.00.23480214.5842.00.255100252.7933.00.271The fusion index (FI) was defined as the percentage of positive fusions multiplied by the mean number of fused phagosomes per neutrophil. The phagocytic index (PI) was defined as the percentage of positive phagocytosis multiplied by the mean number of phagocytosed bacteria per neutrophil.. At all of the tested concentrations, 25% of the phagocytosed bacterial cells were degraded following lysosomal fusion of the phagosome.

In the process of human immune response, natural antioxidants (such as free radical scavengers) may be employed \[[@r29]\]. The intracellular process of killing neutrophils produces ROS such as superoxide anions and hydroxyl radicals. Excess superoxide anion injures tissues in the living body and weakens the body's resistance; thus, it is important to study whether the proper quantity of superoxide anion is being produced. Therefore, the effects of *P. hydropiper* crude extracts on superoxide anion release (O~2~^--^) from neutrophils were examined ([Fig. 5](#fig_005){ref-type="fig"}Fig. 5.Effect of *Ayutade* crude extracts on superoxide anion release from human neutrophils. Results are shown as the mean ± SD of three different experiments.Results were not significantly different from those of the (--) controls.). It was found that coating of *S. aureus* cells with *Ayutade* crude extract yielded nominal but nonsignificant increases in superoxide anion production by neutrophils, even at the highest tested *Ayutade* concentration of 100 µg/ml. Thus, the AChE inhibitory component of the *P. hydropiper* crude extract did not induce increased superoxide anion release from neutrophils. Although *tade* crude extracts enhance phagocytosis and lysosomal fusion, these effects apparently are not associated with increased ROS production.

In control experiments, we measured the effect of galanthamine on phagocytosis by human neutrophils; this compound is employed as a mild treatment for vascular dementia. Coating of *S. aureus* with galanthamine yielded significant (64.9% at 2.9 µg/ml) inhibition of phagocytosis by neutrophils compared with phagocytosis of uncoated *S. aureus* (data not shown). Thus, galanthamine inhibited immunoactivity, suggesting that it might exhibit side effects on the human defense system. In contrast, this activity was not seen with the *tade* crude extracts, suggesting that dietary intake of *tade* may be better tolerated than that of galanthamine as a potential functional food for the prevention of dementia.

In summary, aqueous crude extracts of *P. hydropiper* harbor an inhibitor of AChE activity; the extracts also enhanced phagocytosis and phagosome-lysosome fusion by human neutrophils and monocytes but did alter superoxide anion production by these types of cells.

Given that the prevention of lifestyle-related diseases such as cerebral infarction is the subject of wide investigation, *P. hydropiper* is a candidate potential functional food for the prevention of dementia. Clinical trials for the use of *P. hydropiper* as a functional food should be initiated.

CONCLUSION {#s4}
==========

Our results confirmed that crude extracts of *P. hydropiper* exhibit antiacetylcholinesterase and immunostimulation activities *in vitro*. *P. hydropiper* thus is a candidate functional food for the prevention of dementia.
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